Background/Aims: Diabetes mellitus (DM) has been demonstrated to have a strong association with heart failure. Conventional echocardiographic analysis cannot sensitively monitor cardiac dysfunction in type I diabetic Akita hearts, but the phenotype of heart failure is observed in molecular levels during the early stages. Methods: Male Akita (Ins2 WT/C96Y ) mice were monitored with echocardiographic imaging at various ages, and then with conventional echocardiographic analysis and speckle-tracking based strain analyses. Results: With speckletracking based strain analyses, diabetic Akita mice showed changes in average global radial strain at the age of 12 weeks, as well as decreased longitudinal strain. These changes occurred in the early stage and remained throughout the progression of diabetic cardiomyopathy in Akita mice. Speckle-tracking showed that the detailed and precise changes of cardiac deformation in the progression of diabetic cardiomyopathy in the genetic type I diabetic Akita mice were uncoupled. Conclusions: We monitored early-stage changes in the heart of diabetic Akita mice. We utilize this technique to elucidate the underlying mechanism for heart failure in Akita genetic type I diabetic mice. It will further advance the assessment of cardiac abnormalities, as well as the discovery of new drug treatments using Akita genetic type I diabetic mice.
Introduction
In developed countries, diabetes mellitus (DM) was diagnosed one in ten individuals in 2013. Epidemiologic studies have long demonstrated a strong association with heart failure and diabetes [1] . The Framingham study showed that diabetes results in a roughly 2-fold higher risk of heart failure in men and a 5-fold increase in risk in women [2] . Indeed, in the Candesartan in Heart failure-Assessment of Reduction in Mortality and morbidity (CHARM) program, diabetes was an independent predictor of morbidity and mortality in patients with heart failure, and a worse prognosis after myocardial infarction (MI) [3, 4] .
Meanwhile, animal models of diabetes have led to strong evidences supported the association between diabetes and heart failure in both type I diabetes and type III diabetes [5, 6] . To clarify the detailed mechanism, extensive experiments involved a genetic model of insulin-dependent type IIII diabetes using the Ins2 WT/C96Y Akita mouse [7] . However, several studies uncovered that there were no significant difference in left ventricle ejection fraction (LVEF), left ventricle fraction shortening(LVFS), and stroke volume between Akita and wildtype mice at 3-months old and 6-months of age, reflecting that the systolic function of Akita mice is not significantly different from that of littermate wild-type mice [8] . Additionally, LVEDD, LVESD, and IVS were unchanged in Akita mice, showing that the structure of left ventricle is not affected by hyperglycemia in Akita mice [8] . Furthermore, no difference in E/A ratio between Akita mice and littermate wild-type mice has been reported [8] . Interestingly, other diastolic function parameters were different among Akita mice and wide mice matched for age. Although this reveals information on diastolic dysfunction in Akita mice, it is still very difficult to monitor the progression of early-stage cardiac dysfunction in Akita mice. Thus far, there is no effective and productive method to depict the process of diastolic dysfunction in type I diabetes-Akita mice.
Recently, speckle tracking echocardiography emerged to overcome the limitations of conventional ultrasound methods [9, 10] . It is used for the estimation of the radial and circumferential strain and strain rate (SR) of myocardium in the parasternal short-axis view in mouse models, as well as longitude strain and SR in the long-axis view, reflecting the biomechanical properties in three dimensions [11, 12] . It has been previously reported that strain is much more sensitive and can be used to detect the cardiac mechanic change in ISOinduced mice hypertrophy at early stage [13] .
In this study, we present a novel echocardiographic imaging methodology that utilizes speckle-tracking-based strain analysis, which allows for non-invasive and highly sensitive cardiac phenotyping in diabetic cardiomyopathy. We show that speckle-tracking based strain analysis can efficiently monitor subtle changes in abnormal cardiac deformation in diabetic cardiomyopathy. Additionally, speckle-tracking based strain analysis could be utilized in the evaluation of emerging cardiac therapies in diabetic cardiomyopathy.
Materials and Methods

Experimental animals and mouse model generation
In vivo experiments were approved by ICUCA and performed in accordance with the Guide for the care and use of laboratory animals. Female C57BL/6 female mice (Ins2 WT/WT ) were mated with male Akita (Ins2 [14] . Electrode gel was applied for electrocardiogram, and to determine the respiration rate, and other physiological signals. The chest was shaved, and mice were allowed to recover and be stable for at least 15 min. Ultrasound images were obtained with a MD550D transducer (22-55 MHz) on the Vevo 3100 Imaging System (Visual Sonics, Toronto, Canada). After placing the transducer to the left of the sternum, transducer position was adjusted to allow us to obtain long-axis two-dimensional B-mode images including the aortic outflow tract, the apex of the heart, and LV along its longest axis. Once all long-axis B/M-mode images were attained, the transducer was rotated 90 degrees to acquire B-mode images at the mid-papillary muscle level in the parasternal left ventricle short-axis view. Additionally, M-mode images were taken by placing a gate through the center of the B-mode images to obtain M-mode recordings of internal parameters of the myocardium. All images were acquired using the highest possible frame rate (233-401 frames/s) depending on the imaging axis to get the best possible image resolution for speckle-tracking based strain analyses. As much as possible to avoid the interference of anesthetic condition and temperature during these examination, the heart rates of mice were maintained over 400 beats/min and kept warmed.
To monitoring the diastolic function for these mice, we performed pulsed-wave Doppler to obtain the transmittal flow velocity waveforms using a four-chamber view. Because of rapid physiological heart rate of the mouse, resulting in partial or complete fusion of E and A waves, we acquired images of mitral flow velocity at low heart rate (less than 400 beats/ min). Color Doppler imaging were used to confirm the position of bicuspid valve and the direction of transmittal flow, therefore, it is very critical to acquire the precise transmittal flow measurements of ventricular filling velocity.
Primarily, conventional echocardiographic parameters were analyzed and calculated from M-mode parasternal short-axis B-mode images at the mid-papillary muscle level, including anterior and posterior wall thickness at both systole and diastole, fractional shortening (FS), ejection fraction (EF), cardiac output (CO), and end-diastolic and end-systolic diameters and volumes. All M-mode image measurements were performed in end-diastole and end-systole according to the American Society of Echocardiography or calculated for three consecutive cardiac cycles and then averaged.
The function of LV relaxation was evaluated according to transmittal flow velocity waveforms with pulsed-wave Doppler, mainly reflecting as the E/A ratio, deceleration time (DT), and isovolumetric relaxation time (IVRT) over three cardiac cycles. A decrease in the E/A ratio is a strong indicator of diastolic dysfunction. The MPI, Tei, is another noninvasive indicator of systolic and diastolic function (MPI = (IVRT+IVCT)/ET), according to the images from transmittal flow velocity waveforms. An increase in the MPI is a reliable predictor of diastolic dysfunction.
Speckle tracking based strain imaging and analysis
Strain analysis was performed offline using a speckle tracking algorithm with the Visual Sonics VevoStrain software (Visual Sonics, Toronto, Canada). Based on the B-model video loops at the mid-papillary muscle level in short-axis view, strain and strain rate was quantified in the radial and circumferential dimensions. Additionally, strain and strain rate in longitudinal dimension were calculated using B-mode videos acquired in the parasternal long-axis view. After strain analyses, values were positive or negative because of the assessed measurement. A negative value indicates fiber shortening, occurring in the circumferential or longitudinal dimensions, whereas a positive value for strain shows fiber lengthening or thickening in the radial dimension.
In brief, high-frequency B-mode loops were chosen from echocardiographic video in long-axis or short-axis view, making it easy to automatically track the borders of endocardium and epicardium and then check if the automatic depict was correct and if it was sufficient for three cardiac cycles frame by frame. After tracking, the data was analyzed by software, and included the average global value of strain, strain rate, velocity, and displacement. In short-axis view, average peak global values were calculated from six independent anatomical segments of the left ventricle.
Plasma biochemical measurements
Fasting blood glucose was detected with blood glucose meter (ReliOn Prime, Bentonville, AR, US), and random plasma insulin concentration was measured by ELISA (Alpco Diagnostics, Salem, NH), as previously described.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry Realtime PCR assay Total RNA from heart tissues were extracted using TRIZOL (Life Technologies). cDNA were synthesized using MMLV reserve transcriptase (Promega, WI, USA) with random primers. Realtime PCR analysis was performed with Power SYBR Green Master Mix (Life Technologies) in a lightCycler1.5 Instrument (Roche, Mannheim, Germany). Data were analyzed by the a-ΔΔCt method, comparing threshold cycles first to β-actin expression, and then ΔCt of target genes in controls [15] .
The sequences of primers used for realtime RT-PCR analysis are as following: mouse Anp (sense primer, 5'-TTC TTC CTC GTC TTG GCC TTT-3' and antisense primer, 5'-GAC CTC ATC TTC TAC CGG CAT CT-3'), mouse Bnp (sense primer, 5'-CAC CGC TGG GAG GTC ACT-3' and antisense primer, 5'-GTG AGG CCT TGG TCC TTC AAG GTC ACT-3'), mouse βMhc (sense primer, 5'-ATG TGC CGG ACC TTG GAA -3' and antisense primer, 5'-CCT CGG GTT AGC TGA GAG ATC A -3'), mouse β-actin (sense primer, 5'-CGT CCA CCC GCG AGC ACA G-3' and antisense primer, 5'-CGA CGA CCA GCG CAG CGA TAT-3').
Statistical analysis
All data were reported as mean SD. Comparisons between different groups at one time point were analyzed using one-way ANOVA with Tukey-post-test or Bonferroni-post-test (SPSS, version 19). Twoway ANOVA were used to compare between two groups at different time points.A P < 0.05 was considered statistically significant.
Results
Body weight, heart weight, blood glucose and heart rate measurements Body weight (BW), heart weight (HW), blood glucose, and insulin levels of type I diabetic Akita mice and wild-type male mice (n=10 for each group) are described in Tab 1. Body weight shows significant differences from that 8-weeks of age. Heart weights in Akita mice were less than in wildtype control at 8 weeks of age. However, the ratios of heart weight to body weight and heart weight to tibia length were not different at 16 weeks of age, indicating that the reduction in heart weight paralleled the general catabolic state of Akita mice. Surprising, cardiac mRNA levels of Anp, Bnp, and β-myosin heavy chain (βMHC) were sharply increased in cardiac tissues from Akita mice compared to those in wild-type mice at 12 week of age (Fig. 1) . Fasting blood glucose levels were sharply increased in Akita mice at 8 weeks of age (Wild-type, 174.8 ± 21.6 mg/dl; Akita, 368.7 ± 63.2 mg/dl, P < 0.01) ( Table 1) . Additionally, the high levels of fasting blood glucose were maintained in Akita mice up to 16 weeks of age. This founding was consistent with what previously reported, and further confirm genetic type I diabetic Akita mouse is not affected with diabetic cardiomyopathy in the early stage. Fig. 1 . Akita heart exhibit heart failure in molecular levels. A. Representative hearts from wild-type and Akita mice. Akita mouse hearts are smaller than that wild-type mouse. The right panel shows representative B-mode echocardiographic images in parasternal long-axis view from wild-type and Akita mouse. B. Anp mRNA levels in heart tissues from wild-type and Akita mice at different ages. C. Bnp mRNA levels in heart tissues from Akita mice were increased compared with those from wild-type miceat 12 weeks of age. D. Increases in βMHC mRNA levels in heart tissues from Akita mice compared to that wild-type mice at 12 weeks of age was noted. Values are means ± SD. *, P<0.05. Table 2 and Fig 2. For cardiac structure, M-mode images in shortaxis view showed that the anterior and posterior wall thicknesses at the end of diastolic stage and end of systolic stage in Akita mice at 8 weeks of age were the same as those in age-matched mice ( Fig. 2A and 2B ). There were also no significantly different in the diameters of left ventricle between Akita and wide type mice (Table 2) . Furthermore, M-mode images also showed that the systolic function in Akita mice was the same as that in wild-type mice, because parameters of cardiac systolic function, such as LVEF and LVFS, are not comparable between Akita and wild-type mice at 8 weeks of age ( Fig. 2C and 2D) . Meanwhile, at this time point, there was no obvious difference in cardiac output (CO) in Akita mice compared with that in wide-type mice (Fig. 2E and 2F) . We further examined the cardiac structure and the systolic function in Akita and wild- Fig. 3A showed representative images of pulse-wave Doppler at the mitral. In contrast to wild-type mice, Akita mice showed no obvious changes in E-wave or A-wave at 8 weeks of age ( Fig. 3B  and 3C ). Additionally, no change was identified in mice at 16 week of age. Another important parameter for diastolic function is E/A ratio. The E/A ratios of Akita mice at 8 weeks and 16 weeks of age were not obviously different with age-matched wild-type mice (Fig. 3D) . IVRT, a measurement of the time from the closing of the aortic valve to the onset of mitral flow, was not different between diabetic and wildtype mice at the age of 8 weeks or 12 weeks (Fig. 3E) . Interestingly, at 16 weeks of age, IVRT in Akita mice was significantly increased compared with that in aged-matched mildtype, showing relaxation was impaired (Wildtype, 12.21 ± 2.01 ms; Akita, 14.44 ± 1.39 ms, P = 0.035) (Fig. 3E) . The MPI was also not increased markedly in diabetic Akita mice. These results showed that Akita mice at 16 weeks of age exhibit partial of diastolic dysfunction than age-matched wild-type mice, mainly suggesting improved cardiac relaxation (Fig. 3F) . However, these results collectively indicated that these parameters of diastolic function are not sensitive and efficient for monitor progression in the early stage of diabetic cardiomyopathy in genetic type I diabetic Akita mice.
Measurement of myocardial mechanic properties at the early stage in the progression of diabetic cardiomyopathy in Akita mice
With speckle tracking based strain analysis, left ventricular functional can be examined in the radial and circumferential dimensions the short axis, partly reflecting the deformation of myocardial fiber. To completely monitor the deformation of the whole left ventricle, we traced the endocardium and epicardium frame-to-frame during the cine loop, providing assessment of the deformation of the different parts of heart tissue. Regarding the endocardium, no obvious differences were observed in short-axis average radial velocity, displacement, strain, or strain rate in Akita mice at 8 weeks of age compared with those aged-matched wild -type mice. An increase in strain was noted in Akita mice at week 12 when compared to wild-type mice. At 16 weeks of age, an increase in average radial strain was apparent in Akita mice (Table 3 ). No differences in circumferential strain, strain rate, velocity, or displacement in the endocardium were observed between Akita mice and wildtype mice at different ages of 8, 12 and 16 weeks.
Subsequently, strain analysis was undergone in the epicardium in short axis. Additionally, an increase in average radial strain was noted in Akita mice at 12 weeks of age which had (Table 4) . Moreover, with speckle tracking based strain analysis, cardiac deformations in radial and longitudinal dimensions in long -axis can be monitored. After tracing the endocardium and epicardium in B-mode video, the deformations were assessed in different parts of hearts. No changes were noted in mean longitudinal strain, strain rate, velocity or displacement in both of endocardium or epicardium at 8 weeks of age or 12 weeks of age (Table 3 and Table 4 ). At 12 weeks of age, the longitudinal strain and strain rate in epicardium were significantly decreased in Akita mice when compared with age-matched wild-type mice (Table 4) . Increases in average longitudinal strain and strain rate in endocardium were also noted in Akita mice, along with significant increase of velocity (Table 3) .
Discussion
To our knowledge, this study is the first to demonstrate detailed and precise changes in abnormal cardiac deformation in early-stage of diabetic cardiomyopathy in the genetic type I diabetic Akita mice. Thus, subtle changes in cardiac function can be identified using speckle-tracking-based strain analysis. Here we describe the utility of speckle-trackingbased analysis for the detection of cardiac dysfunction in diabetic cardiomyopathy in Akita mice, especially in the early stages of the disease.
Extensive evidences have demonstrated that type I diabetic patients will occur diabetic cardiomyopathy [16] . A number of studies have elucidated the progression of diabetic cardiomyopathy, with an aim to rescue diabetic patients [17] . Streptozotocin (STZ)-induced diabetes in rodent models has been assessed to investigate the complications of type I diabetes [18] . It has been reported that STZ-induced diabetic cardiomyopathy is characterized by early diastolic and vascular dysfunction, which develops into systolic dysfunction, resulting in heart failure. This is reflected by increased LV diastolic pressure measured by catheterization, and also from abnormal patterns of mitral inflow and pulmonary venous flow using Doppler echocardiography [19, 20] . Subsequently, decreased rates of LVEF and LVFS were noted with echocardiographic analyses [21, 22] . Additionally, LV catheterization has shown reduced left ventricular (LV) systolic pressure and diminished ±dP/dt (rate of pressure rise or fall during systole and diastole, respectively) have been demonstrated [19, 23] . In Akita mice, an increase of IVRT in Aktia mice was noted compared to wild-type mice at 3 and 6 month of age, as previous demonstrated. However, it was reported that other indexes for diastolic function were not stable or sensitive for monitoring, such as E-wave velocity (E), A-wave velocity (A), deceleration time (DT), E-wave deceleration rate (EWDR), and early diastolic tissue Doppler velocity (E'). Difference in E/A ratio, an essential parameter for diastolic function, was not observed in Akita mice at 8 week, 12 week, and 16 weeks of age. However, there was no difference in LVEF and LVFS between wild-type and Akita mice, another mouse model for type I diabetes, suggesting that the systolic function is not affected in Akita mice at young or old stage (Fig. 2) [24] . Surprisingly, an increase in markers for heart failure was noted in Akita mice at 12 week of age in our study, indicating that there was a subtle change in heart in Akita mice even at an young age (Fig. 1) .
Because previous studies indicate that current diastolic parameters were not suitable and effective for detection of cardiac function and the progression of heart failure in Akita mice, identifying e subtle changes in diastolic function are necessary to elucidate the pathogenesis of diabetic cardiomyopathy. Currently, several clinical studies have shown that the detection of subtle changes of strain measurements in early diabetic were associated with the future development of cardiovascular disease, whereas conventional measures of cardiac structure and function were unaltered. Subsequently, for researchers, it is possible to screen such subtle and early changes in cardiac function in small animal models to assess different cardiac therapies or discovered drugs to prevent cardiac dysfunction in cardiovascular diseases. Subtle change in myocardia Mice mechanic properties should appear prior to cardiac morphological structure and cardiac dysfunction. It is possible that the abnormality in myocardia fiber deformation may lead to cardiac structural abnormality, which is accompanying by cardiac dysfunction, including systolic and diastolic dysfunction. High frequency ultrasound shows promise in acquiring the loop clip, overcoming the problems of fast heart beats in the mouse, and permit the adoption of speckle-tracking-based analysis. The current literatures indicated that speckle-tracking-based strain analysis in identifying subtle early-stages changes prior to conventional measurements provides a repeatable approach to evaluate cardiac function in a small animal model with certain cardiac pathology. Experiments on small animals are more complicated and difficult to perform because of fast heart rates, small animal sizes, lacking high-tech imaging equipment and analysis systems. Our results indicated that the progression of the type I diabetic cardiomyopathy at 12 weeks of age was associated with a decrease in radial strain and strain rate compared with those littermate wild-type mice. As age increased, impairments in longitudinal strain and strain rate were magnified in Akita mice. However, changes in strain and strain rate in wild-type mice were not obvious at 8 and 12 weeks of age. It was demonstrated previously that cardiac deformations in STZ-induced type I diabetic mice were detected at the early stage with speckle tracking based analysis. It was discovered that, in STZ-induced diabetic mice, changes in average global systolic radial strain, strain rate, displacement and velocity, along with decreased circumferential and longitudinal strain rate, were noted starting from 1-week after the onset of diabetes. These changes were remained throughout the progression of the diabetic cardiomyopathy. It is earlier to identify subtle changes in strain at 1-week from the onset of diabetes than tat 6 weeks from the onset by conventional ultrasound analyses. From these results, speckle-tracking-based-strain is considered to be a novel and sensitive approach to monitor subtle changes in the early stages of such heart diseases.
In this study, we present a novel echocardiographic imaging methodology that utilizes speckle-tracking-based-strain analysis that allows for non-invasive and highly sensitive cardiac phenotyping in diabetic cardiomyopathy. We show that speckle-tracking-based strain analysis can efficiently monitor subtle changes in abnormal cardiac deformation in diabetic cardiomyopathy. Additionally, speckle-tracking-based strain analysis could be utilized in the evaluation of emerging cardiac therapies in diabetic cardiomyopathy.
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